A series of doublewalled carbon nanotubes (DWNTs) and multiwalled nanotubes (MWNTs) functionalized with selected organic chromophores, fluorescein 5(6)isothiocyanate (FITC), rhodamine B isothiocyanate (RITC) and fullerene (C 60 ) were synthesized by covalently linking these electrondonor groups to the metallic nanotubes. These versatile carbon nanotube composites show remarkable nonlinear optical (NLO) performance, due to a merged effect of the complementary NLO characteristics of the moieties of the composites. The hybrids were characterized by UVVis spectroscopy and Raman spectroscopy. Evidence suggests charge transfer species are formed between the chromophores and the nanotubes. The optical limiting performance of the DWNT, MWNT hybrids and carbon NanoBuds is found to be superior to that of singlewalled nanotubes. Thermally induced light scattering from nanotube moieties is the primary mechanism dominating the NLO response. Reverse saturable absorption from fullerene moieties makes a significant contribution to the NLO response of fullerene containing hybrids and NanoBuds. Photoinduced charge transfer from the fullerenes or the organic chromophores (FITC and RITC) to nanotubes followed by absorption in the charge separated excited state may enhance the nonlinear absorption, thus an effective optical limiting response.
Introduction
Optical limiting is an important nonlinear optical (NLO) phenomenon, which can be utilized to protect delicate optical instruments, especially the human eye, from intense laser beams. Ideally an optical limiter should strongly attenuate intense, potentially dangerous laser beams, while exhibiting high transmittance for low intensity ambient light [1] . Up to now, people have found a large number of materials possessing optical limiting properties, e.g., phthalocyanines, porphyrins, fullerenes, carbon nanotubes, organic dyes, metal nanoclusters, etc. [ 26 ] . Along with the exploration of optical limiting materials, the physical mechanisms dominating the optical limiting have also been extensively investigated. In general, there are two main mechanisms for passive optical limiting: nonlinear absorption and nonlinear scattering. The former can be further divided into multiphoton absorption, reverse saturable absorption (RSA) and freecarrier absorption [ 1 , 4 ] . Inevitably, each mechanism or material has its intrinsic shortcomings, so that it alone cannot meet the idea requirements for laser protection. Nonlinearly absorbing materials generally exhibit fast response times in the picosecond (ps) regime, while the response spectral region is relatively narrow due to the limit of the resonance bandwidth. In contrast, the nonlinear scattering materials, e.g., carbon nanotubes, possess a broadband limiting effect but generally respond at best in the nanosecond (ns) regime [4, 5] . A solution to improve the adaptability of optical limiting materials is to merge different functional materials, resulting in complementary temporal and spatial NLO characteristics and hence multifunctional limiting materials [3, 5] . The large surface area of carbon nanotubes provides a platform to which many functional organic molecules or inorganic nanoparticles can be linked covalently or noncovalently, forming versatile composites [712] .
Very recently, we reported the synthesis and enhanced optical limiting response of a doublewalled carbon nanotubefullerene nanohybrid [ 12 ] . In this work, doublewalled nanotubes (DWNTs) and multiwalled nanotubes (MWNTs) were decorated with selected chromophores, specifically fluorescein 5(6)isothiocyanate (FITC), rhodamine B isothiocyanate (RITC) and fullerene (C 60 ). By covalently linking these electrondonor groups to metallic nanotubes, the nanotube composites were expected to be promising donoracceptor nanosystems upon photoexcitation. In 2007, Nasibulin et al. reported a novel carbon nanostructure NanoBuds, which covalently combine two carbon allotropes: fullerene and nanotubes [ 13 ] .
Unlike the covalently linked organic molecules, the fullerene groups in NanoBuds directly grow on the outer surface of singlewalled carbon nanotubes (SWNTs). We investigated the NLO properties of these nanohybrids and demonstrated their prominent optical limiting responses for nanosecond laser pulses in the visible regime. The results open up a gateway to develop multi functional carbon nanocomposites for either NLO applications or, for instance, potential photovoltaic applications [14, 15] . On the other hand, the donoracceptor nanohybrids provide an opportunity to explore the contribution of charge transfer to NLO responses of the nanotube composites.
Experimental section
In addition to the DWNTC 60 reported previously [12] , the nanocomposites in this work include DWNTFITC, DWNTRITC, MWNTFITC, MWNTRITC, MWNTC 60 and NanoBuds.
The detailed synthesis procedures of the DWNT nanohybrids are illustrated in Fig.1 and are described in the corresponding text. The MWNT composites are synthesized using analogous methods. The NanoBuds sample is synthesized using an aerosol reactor with ferrocene as the catalyst precursor and CO as the carbon source. CO 2 is introduced into the reactor as an etching agent for the formation of the NanoBud structures [16] .
Direct Amination of DWNTs. DWNTs (3 g) and polyethylenimine (PEI, M n ~ 10,000) (15 g) were mixed in 250 mL of N,Ndimethylformamide (DMF). Sonication for 20 min and stirring at 50 °C for 5 d formed the product, DWNTPEI. The resulting suspension was filtered through a 0.20 µm nylon membrane and the precipitate was washed with 1M HCl, 1M NaOH, deionized water and methanol to remove any excess PEI. After drying, 5.5 g of the product was obtained.
Syntheses of DWNTFITC or DWNTRITC. DWNTPEI (60 mg), Fluorescein 5 (6) isothiocyanate (FITC, 60 mg), or Rhodamine B isothiocyanate (RITC, 60 mg) and triethylamine (0.1 mL) were mixed in 5 mL of DMF. Sonication for 2 min and stirring at 50 °C for 5 d formed the product, DWNTFITC or DWNTRITC. The resulting suspension was filtered through a 0.20 µm nylon membrane and the precipitate was washed with methanol and deionized water to remove any excess FITC or RITC. After drying, 60 mg of the product was obtained.
Characterization. UVvis spectra of the DWNTFITC and the DWNTRITC in water were recorded by an Ocean Optics HR2000+ high resolution spectrometer using a Mikropack PH 2000BAL DeuteriumHalogen light source. Raman spectra were collected using a Jobin Yvon Instruments S.A. LabRam 1B confocal Raman imaging microscope system. The source was a 514.5 nm Argon ion laser with maximum power of 50 mW at the sample. The Raman band of silicon (520 cm 1 ) was used to calibrate the spectrometer, with a resolution better than 1.5 cm 1 using an 1800 lines/mm grating. Raman samples were prepared by spin casting the sample suspension onto a silicon wafer.
Results and discussion
We synthesized DWNT nanohybrids using commercially available reagents in only two steps. As shown in Fig. 1 , DWNTs were first treated with an excess amount of polyethylenimine (PEI) in DMF at 50 °C to give DWNTPEI by following a procedure described by Liao et al. [17 ] . The PEI functionalized DWNTs can be readily dispersed in common organic solvents and the free amines on PEI functionalized DWNTs can act as nucleophiles. In the next step, DWNTPEI was reacted with an excess amount of FITC or RITC in DMF at 50 °C for 5 days. These chromophores covalently attach to the DWNTPEI by thiourea bond formation. The successful formation of DWNT nanohybrids was first confirmed by UVvis spectroscopy. As shown in Fig.   2 , relative to the spectra of their corresponding chromophores (Fluorescein and Rhodamine B) dissolved in water, the spectra of DWNTFITC and DWNTRITC showed distinctive redshifts from 440 to 530 nm and from 550 to 580 nm, respectively. One possibility for these major red shifts can be the dyes effectively aggregate on the nanotube surfaces. To test this hypothesis, we also obtained the UVvis spectra of Fluorescein and Rhodamine B dry film by drop casting. They clearly show that aggregation of the dye molecules cannot account for the major redshifts we observed for the DWNT nanohybrids. The other possibility can be the formation of charge transfer species. It has previously been shown that the interaction between carbon nanotubes and chromophores would result in a major redshift of optical absorption maxima for chromophores upon attachment to nanotubes through defect sites (carboxyl groups) [18] . The formation of charge transfer species between chromophores and nanotubes could also cause a redshift of the major optical absorption, but with the appearance of low energy excitonic absorptions for the charge separated species of chromophoreattached nanotubes [19, 20] .
Formation of charge transfer species between chromophores and nanotubes was also suggested by Raman spectroscopy. It is well known that nanotubes can form charge transfer species by electrochemical doping with redox dopants [ 21 ] . Raman spectroscopy is a very powerful tool to study these species because the intrinsic phonon line shapes of nanotubes are very sensitive to doping. Shim et al. [22] used microRaman spectroscopy to study the changes of intrinsic phonon line shape of nanotubes due to ndoping via noncovalent adsorption of polyethylenimine. They observed a downshift of up to ~10 cm 1 of the tangential Gband spectra without line broadening for semiconducting tubes, suggesting a similar magnitude of electron transfer as commonly observed in electrochemical doping with alkali metals. Here we observed similar downshifts of Gband spectra suggesting ndoping of the nanotubes. As shown in Fig. 3 , when comparing the Gband of DWNTPEI with that of DWNT, the most intense peak at higher The NLO properties of the various nanotubes composites were investigated using the open aperture Zscan method, which is widely adopted as a way to investigate thirdorder NLO processes, including nonlinear absorption, scattering and refraction [24] . The Zscan was carried out employing a Qswitched Nd:YAG laser of 6 ns pulses, operated at its second harmonic, 532 nm, with a repetition rate of 10 Hz. The laser beam was tightly focused with a 9 cm focus lens, after spatially removing higherorder modes. Meanwhile, another focusing lens was setup at ~30 o to the direct incident beam to monitor the scattered light from the dispersions.
The mechanism leading to the optical limiting effect in carbon nanocomposites has been explored extensively [4, 5, 25, 26] . Thermally induced nonlinear scattering mainly by nanotube moieties is accepted as the principle mechanism for optical limiting. In the scattering process, the high intensity beam is dispersed in order to have larger spatial dimension, hence, a reduction in the intensity is achieved. The scattering comes from the formation of scattering centers which have sizes of the order of the wavelength of the incident laser beam. The induced scattering center derives from two origins: the formation and growth of solvent bubbles, which is due to the thermal energy transfer from the carbon nanocomposites to the solvent; and the formation and expansion of carbon hybrid microplasmas, which is due to the ionization of the carbon nanohybrids. The former takes place at the lower incident energy fluences, the latter takes place at higher fluences. The extinction scattering profile follows Mie scattering theory qualitatively.
In general, the optical limiting properties can be influenced by many effects, including, bundle size, solvent property, wavelength and pulse width of incident laser, etc. [4, 5] . Among them, the most intrinsic factors affecting optical limiting are the structure of the nanocomposites and the thermodynamical properties of the solvents used for dispersing them. The nanotubes composite dispersed in solvents with lower boiling points and lower surface tensions show lower limiting thresholds and better limiting effects. This is because the heatinduced solvent bubbles grow much faster in solvents with a lower liquidgas tensile surface, thus, the bubbles can reach the critical size in a shorter time for effective scattering, resulting in a better limiting response.
Furthermore, we recently verified that the appropriate solvent properties contribute to the nonlinear scattering dominated optical limiting phenomenon more than the bundle size and that the surface tension of the solvent plays a more important role than the viscosity or boiling point [ 27 , 28 ] . On the other hand, the organic moieties of the nanocomposites make significant additional contributions to the optical limiting. The RSA from fullerene moieties and the strong linear absorption, hence saturable absorption and charge transfer from the chromophore moieties (FITC and RITC moieties), would dominate the additional contributions to the optical limiting [ 2931].
In the NLO measurements, all of the composites were dispersed in DMF or poly(m phenylenevinyleneco2,5dioctoxypphenylenevinylene) (PmPV), followed by 20 min ultrasonic processing. PmPV is a wellknown conjugated polymer used to disperse and purify carbon nanotubes, realizing property modified nanocomposites [32 , 33] . The coiled polymer conformation allows it to surround layers of nanotubes, permitting sufficiently close intermolecular proximity for π-π interaction to occur. The polymer has proven to be an ideal host for many types of filler and in this case it is suitable for dispersing the nanohybrids. The PmPV, dissolved in toluene, has a bright yellow color while the hybrid composites possess a deep green color, implying a strong interaction between the polymer chains and nanohybrids. Fig. 4 [27, 28] . It should be mentioned that the contribution of the organic moieties of the composites to the optical limiting effect must also be counted, but the mechanism remains indeterminate.
Since the DWNTFITC and DWNTRITC hybrids apparently show better limiting effect in PmPV polymer dispersions than solvent DMF, we subsequently investigated the optical limiting properties of MWNTC 60 , MWNTFITC and MWNTRITC dispersed in PmPV/toluene solutions. Fig. 5 shows the corresponding transmission and scattered light curves as functions of incident energy for the three MWNT hybrids. The deviations at lower incident intensity region in As addressed before, the organic moieties of the DWNT and MWNT hybrids also contribute to the optical limiting effect. We propose that, the enhanced NLO response is partly induced from the enhanced nonlinear absorption due to the RSA from fullerene moieties or the strong linear absorption, hence saturable absorption and photoinduced charge transfer from the organic chromophores moieties (donor) to nanotube moieties (acceptor). The photoinduced charge transfer followed by absorption in the charge separated excited state may enhance the NLO absorption, thus the NLO response. Cha et al. has reported enhanced nonlinear absorption and optical limiting in a solid film of poly(3octylthiophene) (P3OT) sensitized with methanofullerene. The large nonlinearity is reported resulting from efficient photoinduced intermolecular charge transfer from P3OT to methanofullerene followed by absorption in the charge separated excited state [29] . The confirmation of this mechanism and the corresponding quantitative analysis has to be made by transient photoinduced absorption measurements, which is currently ongoing.
Subsequently, we studied the NLO behavior of NanoBuds, which combine fullerenes and SWNTs into a single structure in which the fullerenes are covalently bonded to the outer surface of the SWNTs, resulting in a highefficiency pure carbon optical limiter. The covalent bonds are expected to enhance the efficiency of charge transfer between the two moieties, hence the NLO response. The SWNTs and fullerenes possess RSA and nonlinear scattering effects, respectively.
We would expect a cumulative optical limiting effect from the two counterparts in one system, merging the complementary temporal and spatial NLO characteristics of them both. The NanoBuds were dispersed in Nmethyl-2-pyrrolidone (NMP) and PmPV/toluene respectively for Zscan measurements. Fig. 6(a) shows the optical limiting and optical scattering results, which indicate that the NanoBuds exhibit remarkable nonlinear scattering dominated NLO responses.
In order to assess the optical limiting ability of the NanoBud dispersions, we compare the optical limiting response with that of SWNTs. As shown in Fig. 6(b) , we can see that, at the same level linear transmission, the optical limiting response of NanoBud dispersions exceeds that of SWNT dispersions. It is likely that the enhanced nonlinear property of NanoBuds comes from the nonlinear absorption of C 60 moiety. However, the primary mechanism dominating the optical limiting for NanoBuds is nonlinear scattering.
To understand the NLO process for the NanoBuds as well as DWNTC 60 responses. If one moiety dominates, the whole optical limiting performance will be close to that of the moiety [7] .
Summary
The NLO properties of DWNT hybrids, MWNT hybrids and NanoBuds were investigated in PmPV/toluene and DMF dispersions using Zscan method. These nanotube composites show remarkable optical limiting performance, due to a merged effect of the complementary NLO characteristics of the moieties of the composites. Nonlinear scattering was confirmed as the main mechanism for the optical limiting. RSA makes a significant contribution to the NLO response of MWNTC 60 and NanoBuds. Photoinduced charge transfer from the FITC and RITC to nanotubes may enhance the nonlinear absorption, thus an effective optical limiting response. 
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